A novel approach to ionospheric imaging with the purpose of weather/disaster prediction and climate study is introduced. This feasibility study combines High Frequency (HF) radio via Software Defined Radio (SDR) systems with traditional imaging techniques in order to capture three-dimensional images of the atmosphere. An experiment is devised and the necessary instrumentation built in order to capture coherent images of the ionosphere. The experimental results show these threedimensional images as well as a novel approach to measuring ionospheric height. The novelty of the research comes from the use of a closely spaced phased-array of radio antennas in conjunction with a post-correlation beamformer re-purposed from radio astronomy.
I. INTRODUCTION
The ionosphere is a region of the atmosphere consisting of layers of particles that are ionized by incoming solar radiation. This entity, which is typically considered to be several distinct layers based on ion densities, is also an extremely sensitive instrument for measuring both terrestrial and solar behavior. This is because significant events such as volcanoes, earthquakes and solar flares create measurable waves on the surface of the ionosphere [1] . Weaker signatures can also be found relating to smaller events such as extreme weather, and large scale explosions.
Software Defined Radio (SDR) is an increasingly popular paradigm for building radio frequency transmitters and receivers. Analog systems used to be relatively single purpose, working on specified (by design) frequency bands and delivering analog wave forms to the user. As hardware has become smaller and better able to handle a variety of frequencies and bandwidths, the field has shifted towards a software defined approach. For example, in a receiver the hardware is able to be used across a variety of frequency bands (sometimes simultaneously) by sending everything the system receives as a radio wave to an Analog to Digital Converter (ADC) after which a computer processes the now discrete data. This capability allows relatively non-specialized hardware to work in specialized applications.
Studies discussed in Section II show that there are precursors to major natural events like earthquakes which are apparent in the ionosphere up to five days before the event occurs [2] . Considering that currently existing earthquake warning systems are only able to provide 90 s of warning before an earthquake hits [3] , a technology able to offer even a few days of warning would be invaluable. The literature also shows that large ionospheric disturbances are able to travel through the ionosphere for at least 6000 km [4] . Assuming that each receiver array is the center of a 2000 km imaging radius (safety factor of 3, in order to consider smaller disturbances), all of Canada could potentially be imaged with 10 of these systems.
This paper discusses a prototype device used to create images of the ionospheric layer. It was designed at the University of Victoria and built at Dominion Radio Astrophysical Observatory (DRAO). Several experiments were completed, and the data was post-processed to check the validity of the measurement techniques and device.
II. BACKGROUND
As the ionosphere is electromagnetically sensitive (free electrons and ions make up the ionospheric layer), it is sensitive to external electromagnetic impulses. These impulses have been found to be 20% due to cosmic events, e.g. solar flares, while 80% are due to terrestrial sources [5] .
Many studies on these 'ionospheric disturbances' are done on the F2-region of the ionosphere because of the day-today consistency of the region as well as it allows radio communication in the High Frequency (HF) radio range [1] .
Terrestrial sources have been found or hypothesized to stem from a number of both natural and man-made events like earthquakes [2] , [4] , [6] - [12] , weather patterns and storms [13] , and large explosions [14] .
Earthquakes pose a particularly motivating case since ionospheric precursors have been seen up to five days before the earthquake occurs [2] . Considering that existing earthquakewarning systems (for Vancouver, B.C., a network of ocean-bed sensors is used) offer between from 30-90 seconds of warning, it is easy to see the value in a multi-day warning [15] .
What is seen in the ionosphere before an earthquake is a rise in Total Electron Count (TEC) [10] . Data from the hour prior to Chile's 2015 magnitude 8.3 earthquake shows a sharp increase in TEC travelling vertically through the ionosphere like a wave [12] .
Observations of the ionosphere using Passive All-Sky Imaging (PASI) have been done at the 256-element Long Wave-length Array (LWA) [16] . They use the system to find both reflection heights from nearby transmitted signals, as well as to study the structure of the sporadic-E layer. In the present pilot study, a much smaller 4-element array is used to identify ionospheric heights with the goal of identifying and characterizing disturbances which exist in the various ionospheric layers (primarily the F2-layer). We plan to use data from LWA to repeat the study on the larger array.
III. METHODS
An experiment was designed to image the ionosphere using the beamformer discussed in section III-B and a linear array of antennas. The phased array was built at DRAO to capture transmissions sent from a temporary HF transmitter built 20 km away in Penticton, B.C.
The objective was to reflect the transmitted radio waves off of the ionosphere, measuring ionospheric variance. To meet this goal it was preferable that the nulls of the transmitter and receiver antennas point at each other in order to eliminate ground wave interference with the ionospherically disturbed sky wave.
A. Transmitter
A half-wave dipole cut for the amateur 80 m band was raised into a roughly inverted-V antenna shape which has a relatively good Near Vertical Incidence Skywave (NVIS) radiation pattern. The radiation pattern is the strongest orthogonal to the antenna wires so there is a null vertically and off to the sides of the antenna. Unfortunately, the shape of the transmission site didn't allow the null of the antenna to point at DRAO.
B. Receiver
The receiving end of the experiment was built at DRAO and consisted of the beamformer and the phased array.
1) Beamformer: The entire experiment was setup at DRAO because of the availability of a phase-coherent 16 channel beamformer [17] .
The device was not used for beamforming but for its phasecoherency. The output of the device is being called the Array Covariance Matrix (ACM). The ACM is complex data which allows for the extraction of phase information.
The Array Covariance Matrix is square and made up of both auto-power and cross-power spectra. The auto-power spectra are all along the diagonal and without a phase component while the cross-power spectra make up the upper triangle of the square. By taking the complex conjugate of the upper triangle, a lower triangle is created later. The number of autopower spectra is the number of antennas (N ant ) while the number of cross-power spectra is
Table I lists the parameters the beamformer used during the experiment at DRAO. Note that the Nyquist zone is even resulting in a reversed channel/frequency relationship. As channels increase, frequencies decrease. This does not impact the running of the experiment but is accounted for when post-processing the collected data.
2) Receiver array: The array was setup in a field approximately 120 m × 70 m in size. The area is shown highlighted in red in Fig. 1 .
The transmitter was located to the north and so the array configuration was chosen to be partially parallel and partially perpendicular to the direction of the incoming waveform. This resulted in the antenna orientation depicted in Fig. 2 . A1-A5 provide an array of antennas perpendicular to the incoming waveform while A2, A6-A8 provide an array that is parallel.
Unfortunately, when all eight of the antennas were connected to the beamformer, it became apparent that the line voltages were not above the minimum required by the ADCs so amplification was needed inline on each physical channel. The antenna voltage injectors were designed to provide sufficient signal (in the microvolt range) to a sensitive (noise figure of 10 dB or less) HF receiver. The ADCs in the beamformer were only sensitive to line level signals on the order of 1 V.
Amplifiers were sourced, but only enough to provide sufficient gain for four channels. This decreased the effective number of antennas from eight to four.
In order to prevent aliasing from other frequency ranges, band pass filters 1 for the 80 m amateur radio band were placed inline on each physical channel. 
C. Data collection sessions
Due to the geographic separation between transmitter and receiver, the antennas connected to the beamformer could not be changed without driving between Penticton and DRAO. Instead of driving back and forth, a single antenna configuration was used each day and after it was setup, the beamformer was remotely managed to start and stop the recordings from the transmitter. Table II shows the antenna numbers used and the transmissions done with each configuration. Fig. 3a and 3b show the two array configurations on a map of the area.
IV. RESULTS
This section shows results from the experiment run at DRAO and discusses them.
A. Visualizing data during collection
While the experiment was being run, it was visualized in a few different ways. This section (IV-A) shows the way the data was visualized while it was being collected, while later (Section IV-B) the processed data is discussed. Each time data was collected (transmission was occurring while the receiver was recording), it is referred to as a session while the overall effort is referred to as the experiment.
One way in which the data was visualized during the sessions is shown in Fig. 4 . This is an average of the ACM, which updates every 0.4 s (see Table I ). Configuration 1 (Fig. 4a ) is shown with values under antenna indexes 1, 4, 5, 6, while configuration 2 (Fig. 4b) has grid values for antenna indexes 2, 6, 7, 8. Remembering that each of the 10 auto-and cross-power spectra has a bandwidth of 512 kHz, these grids take the magnitude and phase from each of the 512 channels and average them together. The lower triangles were calculated as the complex conjugate of the upper triangles.
The auto-power spectra (diagonals) are zero on the phase averages since they have no phase component. Note that the magnitude was not measured relative to anything in particular and are in arbitrary units (in this case, arbitrary dB). This is not problematic because the phase is the value of interest, and is relative between antennas.
To check what the channel is receiving, each grid index can be unpacked into a magnitude and phase spectrum and waterfall as shown in Fig. 5 . Like the grid of averages, the spectrum and waterfall each update every 0.4 s. The spectrum shows in 2D what the current (3.5 to 4) MHz range looks like, while the waterfall is 3D, representing each of the previous spectra as a single line of width 0.4 s where the color of each pixel indicates its magnitude (or phase).
Compared to standard waterfall plots, where the plot is signal strength relative to 0 Hz (DC), it's important to distinguish that these spectra are relative between two antennas. In the case of Fig. 5 , the spectra are relative between antennas 1 and 5 (and so from configuration 1). 
B. Visualizing data after collection
Although multiple transmissions were recorded in each array configuration (in both CW mode and LFM mode, as outlined in Table II ) only the CW data has been analyzed. The CW data is relatively easy to understand considering there should only be one ionospheric reflection height for each transmitted frequency.
1) Single frequency time domain: Knowing that the session from Fig. 4 and 5 was at 3.8 MHz, it is possible to pick out the spike in the spectra at 3.8 MHz and see the time-history of the 3.8 MHz signal strength in the waterfalls. The 1 kHz wide channel centered at 3.8 MHz can be extracted and plotted in time which is shown in Fig. 6a (the entire session) and 6b (a zoomed in segment).
2) Interpolating over missing data: Note in the waterfalls of Fig. 5 that some horizontal bars appear semi-regularly throughout the data. These are missing data points where the beamformer did not collect actual data and filled those spaces with zeros. In order to manage those missing data points, they were linearly interpolated (in the time direction) over those points.
3) Average phase differences: Taking a very simple geometry like that in configuration 2, it is relatively easy to predict how the data should look if the transmission was not perturbed before reception. The relative phase differences between antennas should grow as the physical distance between antennas grows, assuming that the antennas spacing is less than a wavelength. Configuration 2 is easier to visualize than configuration 1 since the array is aligned with the direction of transmission and so the transmitted radio wave had to travel further in a line to get to each antenna.
To check that the data supports this, a large rolling average is computed. This rolling average (or moving average) is a central moving average as described in (2) . Here, x i is the i th element of the input array, L is the window length, N is the length of the input array, andx avg is the output array of length N − L. Fig. 7 shows the result. As expected, the relative phase between antennas 2 and 8 (ant28) is the largest separation on the ground (60 m) and sees what is consistently the largest phase difference. The smaller spacings (ant26, ant67, and78) are all 20 m separated and see smaller phase differences. The medium separations of 40 m (ant27, ant68) are less obvious. Antennas 2-7 show a strong relation as expected while the 6-8 relation does not stand out from the smaller spacings. This could imply a phase mismatch somewhere in the physical system, or it could imply some sort of ionospheric disturbance. 4) Mesh of ionospheric surface: Taking a single antenna in a linear array as reference, another antenna has a phase difference relative to that reference. Knowing the physical spacing of those antennas means that we can plot the phase differences changing over time against the antenna distance differences.
Since there are four antennas, there are three measurements relative to any reference. Taking configuration 2 as an example, and antenna 2 as a reference, there are phase differences available from antennas 2-6, 2-7, 2-8. These three phase differences can be meshed together into a single surface, which should represent an expanded (since the receiver is twice as far from the transmitter as the ionosphere) version of the ionospheric surface. Fig. 8 shows a segment of the 3.8 MHz data collected in configuration 2. Note that distance 0 is kept as a reference since a phase difference doesn't exist there.
It is clear that there are fluctuations in the data consistent across the array. At approximately 437.5 s into the data there is a sharp peak which is consistent in the 2-6, 2-7, and 2-8 relative phase data. It is reasonable to attribute this to an increase in the height of the ionosphere. Similarly, at 430 s there is a decrease in relative phase indicating a decrease in ionospheric height.
A series of these images (frames) were combined to animate the ionospheric surface movement. When played, the animation shows a peak travelling through the receiver array. It is clear from them that the peaks and troughs are consistent across the antenna array. When there is a small trough in the 2-6 data there is often a slightly larger one in the 2-7 data and an even larger one in the 2-8 data. The difference in the size of the trough is attributable to the spacings of the antennas (smaller spacings leading to smaller troughs) as well as implies that the ionospheric disturbance is not moving entirely perpendicular to the antenna array. 5) Frequency domain analysis: Taking relative phase time series data, an Short-time Fourier Transform (STFT) was computed in the hopes of finding transient events. Fig. 9 shows the results for each 20 m spacing. A major limitation to this analysis is the low sampling rate (2.5 Hz), however there is more apparent activity at very low frequencies than near the 1.25 Hz limit.
C. Virtual height
One interesting application of this project is to directly measure ionospheric characteristics like free-electron density. As discussed in Section II, ionospheric height is proportional to electron density.
The ionospheric height was calculated using a planar wave assumption. As shown in Fig. 10 , if the wave front is assumed to arrive at the receiving array as a flat wave front, the ionospheric height can be estimated. Equation 3 is used to calculate the distance (φ m ) proportional to the measured phase difference (φ rad ). λ is the wavelength of the transmitted frequency. Equation 4 is used to find the ionospheric virtual reflection height using φ m as well as b (the distance between receiving antennas), x 1 and x 2 (the distances from the transmitter to each receiver antenna respectively). b, x 1 and x 2 were measured during the experiment. Note that if φ rad (and φ m by extension) is longer than a half wavelength, the triangle cannot be measured. Fig. 11 shows the relationship between a phase difference measured between two antennas and the calculated ionospheric height. The equations relevance deteriorates as φ approaches either π 2 or 0 ( π 2 being the half-wavelength detection limit). Fig. 12 shows the results of this for the approximately 33 minute long configuration 2 session done at 3.7 MHz (see Table II ). It is apparent in the image that each of the antenna pairings sees similar shifts but are not closely aligned otherwise.
One reason for the discrepancies in reflection heights for different antenna pairings could be that the calculation is done assuming a single solid reflection surface while the in reality the ionosphere is a diffuse volume [18] .
Another way of calculating ionospheric height was considered which involves iterating from a planar wave front into a spherical wave front and using the difference between the two to continue iterating. This was abandoned when it was realized that using the largest value of b (60 m), and a 100 km ionospheric reflection height (h), the difference in path length between a spherical and a planar wave front is 0.002 25 m. This is found by taking a sphere of radius 200 km (total path length) and having it contact the closest antenna first. Then the distance between the sphere and the furthest antenna is the discrepancy between planar and a spherical wave fronts. The sensitivity of the instrumentation is not sufficient to see a difference at this scale.
V. CONCLUSION AND FUTURE WORK

A. Conclusion
A literature review resolved that the ionosphere is a medium with the potential to transmit messages about local weather, cosmic weather, and natural disasters. An experiment was designed and built to image the ionosphere using a phasecoherent array of HF antennas. The experiment was ultimately successful, using only four receiving antennas, ionospheric height was measured and the collected data demonstrated the phased-synchronicity of the array. No obvious ionospheric disturbances were measured, but there are several justifications for this. Foremost, the sampling rate of the collecting radio was low (2.5 Hz) which limits the size of ionospheric waves to extremely large or slow. It is also possible that no exciting events happened near enough to the receiving array during the relatively short experimental collection. Despite this, ionospheric height was measured in a novel way and the framework for doing similar imaging and analysis on larger arrays has been built.
B. Future work
We have been granted observation time at the Long Wavelength Array (LWA) facility in New Mexico. This is a site of 256 phased-arrays capable of operating in the HF range. This will allow collection of far higher resolution (in both time and space) data with which to image the ionosphere. Other future work includes studying the LFM data collected during this experiment to see if it yields anything valuable and distinct from the CW data.
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